 Three types of Mg-1 wt%SiC composites respectively reinforced with 10 nm, 30 nm, and 50 nm SiC particles were processed by reciprocating extrusion up to eight passes at 350 °C. The distribution homogeneity of grain and SiC particles were investigated. After processing, finer grain size and more uniform particle distribution are obtained along with notable improvement in hardness and wear resistance. The average grain size reduce from more than 20 m to less than 7 m. Breaking up of the nanoparticle clusters occurs through a mechanism of kneading effect for intense flow of matrix during reciprocating extrusion, and the SiC nanoparticles or smaller clusters are dispersed into the particle-free regions. The enhancement of wear property is mainly attributed to grain refinement and homogeneous distribution of SiC nanoparticles.
INTRODUCTION
Magnesium matrix composites have been extensively investigated as an attractive option for automotive and aerospace applications because of their low density and excellent specific properties including strength and stiffness. Among various Mg matrix composites, the particulate-reinforced ones are of particular interest due to easier fabrication, lower costs, isotropic properties, and allowing secondary forming processes compare to fiber-reinforced composites [1] . Adding micron-sized ceramic particulates into Mg has been demonstrated to improve hardness, strength, wear resistance, and elevated temperature performances [2] , but at the cost of other properties especially ductility. Nano-sized reinforcements can notably enhance the mechanical strength of the matrix by more effectively promoting particle hardening mechanisms than micron-sized reinforcements. Researches have proved that the addition of SiC, Y 2 O 3 , TiC, Al 2 O 3 , and Al [3] nanoparticles produces a significant combination of strength and ductility. However, using nanoparticles will enhance the probability of defects formation including pore and agglomeration. To minimize these defects, lots of effort such as stir-casting, ultrasonic vibration, and disintegrated melt deposition (DMD) [4] have been employed. Nevertheless, it is still difficult to distribute and disperse nanoparticles homogeneously due to their much higher specific surface areas. Therefore, plastic processing is necessary to decrease porosities and aggregated nanoparticles within the as-cast composites. So far, processing methods including extrusion, accumulative roll bonding (ARB), high-pressure torsion, friction stir processing (FSP) and equal channel angular pressing (ECAP) [5] have been adopted to Mg or Al matrix nanocomposites, but most of them are difficult to homogenize the distribution of nanoparticles. Reciprocating extrusion has been regarded as an effective method for refining grain and homogenizing micron-sized particles in Mg matrix composite [6] , but applying it to composite reinforced with nano-sized particles has been scarcely reported.
Correspondingly in this research, reciprocating extrusion was used to enhance microstructure homogeneity and wear properties of Mg matrix composites reinforced by SiC nanoparticles with three different size. The distribution of grain and SiC particles were mainly investigated.
EXPERIMENTAL PROCEDURES
The material used in this study was Mg-1 wt%SiC composites fabricated by ultrasonic processing, and the average size of SiC particles was ~10 nm, ~30 nm and ~50 nm. The billet was held for ~30 min at 350 °C after pre-extruding. Then it was put into the die to begin the reciprocating extrusion cycle and eight passes were applied. After processing, longitudinal sections of the billet were prepared for microstructure observations by optical microscopy (OM), field emission scanning electron microscopy (FESEM), and transmission electron microscopy (TEM).
Specimens with dimension of 25 × 4 × 3 mm were machined from the composite billets. Both dry and oil sliding wear tests were performed using a ball-on-flat mode in air at room temperature. Steel balls of bearing grade (10 mm diameter, commercial 52100 grade) were used as counter bodies. Dry sliding wear tests were conducted at speed of 0.1 m/s under normal load of 8 N, for sliding distances up to 2000 m. Oil sliding wear tests were conducted at speed of 0.0667 m/s under normal load of 29 N, for sliding distances up to 900 m. At the end of each test, surfaces of specimens were cleaned and weighed to measure the weight loss. The worn surfaces were observed and analyzed using SEM.
RESULTS AND DISCUSSION
Refinement of Grain and Sic Nanoparticles. Fig. 1 shows the microstructure of Mg-1 wt%SiC composite before and after eight passes reciprocating extrusion. The average grain sizes of the initial composites reinforced with 10 nm and 30 nm SiC particles are ~21.8 m and ~24.4 m, respectively, as shown in Fig. 1a and Fig. 1c . Reciprocating extrusion makes the grain structure more homogeneous with approximately all fine grains with average sizes of ~6.97 m and ~6.83 m, as shown in Fig. 1b and Fig. 1d . The decreased grain size after severe plastic deformation of Mg-SiC nanocomposite is consistent with the results obtained on pure Mg [7] , Mg-6Zn-2Al alloy [8] , and AZ61-SiO 2 nanocomposite [9] . Due to the comparatively high temperature of 350 °C in the reciprocating extrusion condition, dynamic recrystallization could occur easily, leading to the observed grain refinement. On the other hand, the nano-sized SiC particles have ability of nucleating matrix grains during recrystallization, and they also restrain growth of the recrystallized grains because of the pinning effect [10] . Fig. 2 reveals the improvement of the nanoparticle distribution before and after eight passes reciprocating extrusion. For the initial composite, the clusters have sizes of up to ~700 nm and ~800 nm for the composites reinforced with 10 nm and 30 nm SiC particles, as shown in Fig. 2a and Fig. 2c . After reciprocating extrusion, the large clusters break up into smaller ones, and many nanoparticles debond as single ones and move into the matrix. Thus, the distribution of SiC particles appears more homogeneous. It should be noted that the broken clusters have sizes of up to ~350 nm and ~300 nm for the composites reinforced with 10 nm and 30 nm SiC particles, as shown in Fig. 2b and Fig. 2d , attributing to the high surface energy associated with the nanoparticles. The improved distribution of SiC nanoparticles can be ascribed to intense flow of matrix during reciprocating extrusion. Under the mechanical stress being enforced by the shear stress of matrix grains, the clusters can be easily interspersed and redistributed. 
Enhancement of Wear Properties.
The wear losses for Mg-1 wt%SiC composite before and after reciprocating extrusion are plotted against sliding distance in Fig. 3 . The hardness is also plotted in this figure. It is apparent that there is improvement in wear resistance after reciprocating extrusion. Comparison of the hardness data shows that the composite after reciprocating extrusion (HV43.2) is harder than initial composite (HV36.5). Increase of wear resistance agrees with Archard's equation that the wear loss of a material is inversely proportional to its hardness. Similar findings had been made in earlier sliding wear study on Mg-based composites fabricated by friction stir processing [11] . In order to study the effect of reciprocating extrusion on wear behavior of Mg-1 wt%SiC composite further, weight losses of the composite after oil sliding wear are illustrated in Fig. 4a . It indicates that the weight loss decreases markedly from 3.5 mg to 3.1 mg after reciprocating extrusion. Morphology of worn surfaces for Mg-1 wt%SiC nanocomposite before and after reciprocating extrusion are shown in Fig. 4b and Fig. 4c . Many shear corrugation and tear feature exist on the wear surface of the initial composite. Comparatively, furrow on the composite after reciprocating extrusion is fewer, more shallower and narrower. 
SUMMARY
The effect of reciprocating extrusion on grain size, nanoparticles distribution, and wear properties for Mg-1 wt%SiC nanocomposites are investigated. The results are summarized as follows:
(1) Reciprocating extrusion notably improves the homogeneity of the SiC nanoparticles distribution. After eight passes, the large clusters are broken into much smaller clusters and single nanoparticles, and more uniform grain structure with much finer grain size is obtained.
(2) Declustering of the nanoparticles occurs through a mechanism of kneading effect for intense flow of matrix during reciprocating extrusion. The clusters are broken up and the nanoparticles move into the matrix.
(3) Under both dry and oil sliding conditions, the nanocomposite processed by reciprocating extrusion shows better wear resistance compared with initial composite, which attributes to the increased hardness due to refinement of grain size and uniform distribution of SiC nanoparticles.
